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Development of Carbon Fiber-modified Electrically Conductive Concrete
for Implementation in Des Moines International Airport
Abstract
This paper reports on the procedures of mix design preparation, production, placement, and performance
evaluation of the first electrically conductive concrete (ECON) heated-pavement system (HPS) implemented
at a U.S. airport. While ECON has drawn considerable attention as a paving material for multi-functional
pavements, including HPS, the majority of ECON HPS applications and studies have been limited to
laboratory scale or include materials/methods that do not conform to regulations enforced by airfield
construction practices. Carbon fiber-reinforced ECON provides a promising prospective for application in
airfield pavements. In this study, ECON mixtures were prepared in the laboratory using varying cementitious
materials, aggregate systems, water-to-cementitious ratios, carbon fiber dosages, and admixtures. The results of
tests on laboratory-prepared mixes were utilized to find the most suitable ECON mix design for application in
an HPS test section at the Des Moines International Airport. The properties of the ECON produced at the
concrete plant were measured and compared with equivalent laboratory-prepared samples. The final mix
design exhibited electrical resistivity of 115 Ω-cm in the laboratory and 992 Ω-cm in the field, while
completely meeting strength and workability requirements. Despite the higher ECON resistivity obtained in
large-scale production, the fabricated HPS exhibited desirable performance with respect to deicing and anti-
icing operations. The test section was able to generate a 300–350 W/m2 power density and to effectively melt
ice/snow with this level of energy.
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A B S T R A C T
This paper reports on the procedures of mix design preparation, production, placement, and
performance evaluation of the ﬁrst electrically conductive concrete (ECON) heated-pavement
system (HPS) implemented at a U.S. airport. While ECON has drawn considerable attention as a
paving material for multi-functional pavements, including HPS, the majority of ECON HPS ap-
plications and studies have been limited to laboratory scale or include materials/methods that do
not conform to regulations enforced by airﬁeld construction practices. Carbon ﬁber-reinforced
ECON provides a promising prospective for application in airﬁeld pavements. In this study, ECON
mixtures were prepared in the laboratory using varying cementitious materials, aggregate sys-
tems, water-to-cementitious ratios, carbon ﬁber dosages, and admixtures. The results of tests on
laboratory-prepared mixes were utilized to ﬁnd the most suitable ECON mix design for appli-
cation in an HPS test section at the Des Moines International Airport. The properties of the ECON
produced at the concrete plant were measured and compared with equivalent laboratory-pre-
pared samples. The ﬁnal mix design exhibited electrical resistivity of 115Ω-cm in the laboratory
and 992Ω-cm in the ﬁeld, while completely meeting strength and workability requirements.
Despite the higher ECON resistivity obtained in large-scale production, the fabricated HPS ex-
hibited desirable performance with respect to deicing and anti-icing operations. The test section
was able to generate a 300–350W/m2 power density and to eﬀectively melt ice/snow with this
level of energy.
1. Introduction
Surface conditions of paved areas during harsh winter weather conditions play a crucial role in airport operations. Bad weather
conditions are responsible for about 29% of total airplane incidents and accidents, the majority of which occur during take-oﬀ and
landing [1]. Ice/snow accumulation on paved surfaces of runways, aprons, and taxiways annually causes thousands of ﬂight
https://doi.org/10.1016/j.cscm.2018.02.003
Received 10 October 2017; Received in revised form 31 January 2018; Accepted 2 February 2018
⁎ Corresponding author.
E-mail addresses: asassani@iastate.edu (A. Sassani), hceylan@iastate.edu (H. Ceylan), sunghwan@iastate.edu (S. Kim), arab@iastate.edu (A. Arabzadeh),
ptaylor@iastate.edu (P.C. Taylor), rangan@iastate.edu (K. Gopalakrishnan).
Case Studies in Construction Materials 8 (2018) 277–291
Available online 15 February 2018
2214-5095/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).
T
cancellations or delays [2]. Therefore, airlines and airports incur millions of dollars of expenditure to remove ice and snow from
airport pavements. Traditional ice/snow removal methods are using deicing chemicals and mechanical removal that are associated
with ﬂight delays, large number of manpower, sophisticated machinery, environmentally harmful chemicals, and damage to pave-
ment [3–8]. Furthermore, the common deicing methods have not shown eﬀectiveness in extreme weather conditions. The machinery
can face operational diﬃculty in freezing weather conditions. The eﬀective temperature range for most deicing chemicals such as
sodium chloride, calcium magnesium acetate, and urea does not fall below−10 °C (14 °F); only calcium chloride-based deicers−that
cause chloride ingress risk for concrete pavements- are eﬀective below −17 °C (1.4 °F) [9].
The shortcomings and drawbacks of current ice/snow removal practices have steered researchers toward seeking new methods.
Factors such as geographical location, environmental conditions, material availability, and design speciﬁcations all inﬂuence se-
lection of a deicing method, so no single solution for replacing current methods is available [10]. Many alternative methods have
been proposed and tested for this purpose; among them are water-repellent coatings [2,11,12], heated pavements with embedded
resistive heating elements [6], heated hydronic pavement systems [13,14], and self-heating electrically conductive concrete (ECON)
[9,15–20]. Heated-pavement systems (HPS) combine two basic strategies of anti-icing and deicing for controlling snow and ice on
pavement surfaces [10]. ECON-based HPS has proven to be an eﬃcient approach in many locations [21]. The general constituents of
ECON are cement, aggregates, water, electrically conductive additives (ECAs), and possibly admixtures, however, the primary source
of electrical conductivity is the ECA phase that creates a continuous path for electrical conduction [3].
Carbon ﬁbers can be used as an ECA in minor volume and weight dosages [22–26]. Previous studies have shown the ability of
carbon ﬁber to render cementitious composites electrically conductive while improving the concrete properties such as freeze-thaw
durability, compressive strength, tensile strength, fatigue cracking, shrinkage cracking potential, and expansion cracking suscept-
ibility [3,27–30]. While carbon ﬁber has shown its eﬀectiveness as an ECA in low volume dosages (0.4-1%Vol.), the optimum carbon
ﬁber dosage in an electrically conductive cementitious composite is deﬁned by multiple factors, the most important of which are so-
called percolation phenomenon, the concrete workability requirements, and the economic considerations.
Forming a continuous network within the cementitious composite by the ECA materials is referred to as percolation phenomenon
and the volume content of ECA enabling the percolation is called the percolation threshold [30–32]. With respect to percolative
behavior, the eﬀective carbon ﬁber dosage for producing electrically conductive cementitious composites is between 0.5% and 1%
(Vol.) [27,30,33–42] which depends on the type of composite (paste, mortar, or concrete), ﬁber aspect ratio, and ﬁber length [25]. In
short carbon ﬁbers (represented by approximately 7–15 μm nominal diameter and 1–10mm length), increasing ﬁber length decreases
percolation threshold [25], but increasing the ﬁber length results in ﬁber dispersion diﬃculty [26], and loss of concrete workability
[30]. Excessive carbon ﬁber content reduces the workability of the mixture and, since carbon ﬁber is the most expensive component
of ECON, is not economically justiﬁed. So the carbon ﬁber dosage should be maintained in the vicinity of percolation threshold, such
that suﬃcient electrical conductivity is achieved with minimum negative eﬀects on workability and cost.
Polyacrylonitrile (PAN)-based carbon ﬁbers [33] with diameters between 7 and 15 μm and nominal lengths of 3–6mm provided
superior eﬀectiveness in improving mechanical properties of concrete and imparting high electrical conductivity to cementitious
composites [24,25]. In this paper, carbon ﬁber and carbon microﬁber are used interchangeably to refer to carbon ﬁbers with μm-scale
diameter and mm-scale length. Shown by previous studies [8,18,19,22,24,33,43], the carbon microﬁber is the most eﬀective carbon
product for improving electrical conductivity. For example, carbon nano- ﬁbers (CNF) are less eﬀective than carbon microﬁbers
which have length ranges between 3 and 15mm [25]. Likewise, powder materials such as graphite powder or coke powder exert less
eﬀect on electrical resistivity improvement [25]. On the other hand, the most eﬀective carbonaceous ﬁbers for structural en-
hancement of concrete are carbon microﬁbers and microﬁbers work better than macro- and nano-ﬁbers for structural reinforcement
[26]. However, the smaller the ﬁber diameter, the more diﬃcult is its dispersion in a concrete mixture and, given the same ﬁber
material and diameter, shorter ﬁbers are easier to disperse [26]. For volume dosages below 1%, and approximately 7 μm diameter,
carbon ﬁbers with aspect ratios of about 860 provided performance superior to either longer or shorter ﬁber types in improving
electrical conductivity of concrete, but high aspect ratio ﬁbers are more diﬃcult to disperse in concrete and adversely aﬀect the
workability of the mixture [26]. Shorter length and lower aspect ratio carbon ﬁbers are easier to disperse, and they contribute a
smaller eﬀect on workability, so, despite being otherwise inferior to the 860-aspect ratio-ﬁbers, carbon ﬁbers with an aspect ratio of
about 430 have been found to exhibit good performance in improving electrical conductivity of ECON [41].
Wen and Chung [36,38] reported electrical resistivity values between 1.50×104 Ω-cm and 1.92×104 Ω-cm in cement pastes
doped with carbon microﬁbers in dosages of 0.4-0.5% Vol.; they reached electrical resistivity as low as 8.30×102 Ω-cm in cement
pastes when the carbon ﬁber dosage in cement paste was increased to 0.95% Vol. of the mixture [37]. Wen and chung [38] also
suggested that electrically conductive cement paste behaves as a thermistor, i.e. its electrical resistivity decreases with increasing
temperature. Baeza et al. [42] produced electrically conductive cement paste by adding carbon ﬁber to cement paste in dosages of
0.22-0.95% Vol. and reported the lowest resistivity of 6.04×105 Ω-cm achieved with 0.95% Vol. carbon ﬁber dosage. Hambach
et al. [41] used cement paste modiﬁed with 1% Vol. carbon ﬁber and electrical resistivity as low as 3.6× 101 Ω-cm for resistive
heating of a small laboratory-scale slab. Having ﬁne aggregates (sand) included in the carbon ﬁber-modiﬁed cementitious compo-
sites, electrically conductive mortar were produced. However, electrical resistivity of 5.41×102 Ω-cm was achieved only when
carbon ﬁber dosage was increased up to 1.16% Vol. [27,39].
While mortar tests showed less success than cement paste, it was found that carbon ﬁber-modiﬁed concrete which essentially
consists of cementitious materials, ﬁne aggregate, coarse aggregate, water, carbon ﬁber, and admixtures, provides a promising
perspective to attain low electrical resistivity with relatively low dosages of ECA [22,33–35,40]. Wu et al. [33] and Chang et al. [35]
reported 4.00×103 Ω-cm and 2.00× 104 Ω-cm resistivities in ECON with 0.8%Vol. and 0.75%Vol. carbon ﬁber dosages respec-
tively. While, using 0.73% Vol. carbon ﬁber content in ECON, Hou et al. [34] achieved 3.8×101 Ω-cm resistivity. Also, Kraus and
A. Sassani et al. Case Studies in Construction Materials 8 (2018) 277–291
278
Naik [40] produced ECON with 1.27× 102 Ω-cm resistivity using only 0.5%Vol. carbon ﬁber content. These observations lead to the
conclusion that carbon ﬁber dosage is not the only important factor in electrical conductivity/resistivity of ECON, such that the
mixing proportions and mixture components−such as cementitious system, aggregates, and admixtures- also play an important role
in deﬁning the electrical characteristics of ECON. For example, Kraus and Naik [40] used high-carbon ﬂy ash to boost the electricity
conduction in the concrete matrix and chang et al. [35] improved ﬁber dispersion and electrical conductivity by adjusting the mixing
proportions of carbon ﬁber-containing concrete making it similar to self-consolidating concrete. Hou at al. [34] utilized silica fume to
enhance the ﬁber dispersion and enable the use of longer ﬁbers which are more eﬀective in rendering the concrete matrix electrically
conductive. Therefore, investigating diﬀerent mixing proportions and mixture components gain even more importance in production
of carbon ﬁber-modiﬁed ECON than in regular/plain concrete.
In the United States, two ﬁeld implementations of ECON HPS have been previously reported: the Roca Spur Bridge deck project in
Nebraska [44], and bridge 17-75R on the Castle Peak Undercrossing in California [43]. The former used ECON containing 1.5% (Vol.)
steel ﬁber and 25% (Vol.) graphite, while the latter used polymer concrete as a blend of polyester resin, mineral aggregates, and coke
breeze. Numerous studies have tested ECON HPS with various ECON recipes at laboratory scale. Heymsﬁeld et al. [45] tested a
1.2×3m HPS using ECON containing 17.2% (Vol.) graphite powder and 2.7% (Vol.) steel ﬁber ECAs. Piskunov et al. [46] in-
vestigated application of diﬀerent electrically conductive materials in electrically conductive concrete overlay for deicing of roads
and airﬁeld pavements; they used 70mm cubic specimens. Hou et al. [34] used carbon ﬁber-reinforced ECON including silica fume
for laboratory-scale deicing tests. Chang et al. [16] applied a new approach by mixing carbon ﬁber ECA in a self-consolidating
concrete mixture. Galao et al. [22] used carbon ﬁber-reinforced conductive concrete for deicing on 30× 30×2 cm specimens. Won
et al. [19] made an ECON HPS laboratory-scale prototype by incorporating graphite, coke powder, metal ﬁber, aluminum powder,
and steel ﬁber in concrete mix. Deicing tests were conducted by Sun et al. [17] on a 200× 50×5 cm light-weight ECON HPS
specimen made with carbon ﬁber-carbon black ECA. Chen and Gao [18] proposed double-layered stainless steel ﬁber reinforcement
of concrete for making self-heating ECON; they tested the performance on 30×30×6 cm specimens. Wu et al. [33] proposed a
three-phase composite conductive concrete with the carbon and steel ﬁbers, as well as graphite for pavement deicing.
Implementation of ECON HPS requires project- and location-speciﬁc guidelines to address material selection, mixing proportions,
mixing procedure, and various other challenges. A mix design provided for an airport ECON HPS in the United States should meet
speciﬁcations enforced by the Federal Aviation Administration (FAA). Among the ECON recipes provided in the literature, only a few
have undergone large-scale ﬁeld tests, and most of the aforementioned mix designs cannot be applied to airport rigid pavements. For
example, the FAA prohibits using steel ﬁber and silica fume due to risks of foreign object debris damage to aircraft [47]. High dosage
of ECA materials (as in above-mentioned references) can cause strength reduction, loss of workability, and cost problems. Since, to
the best of authors’ knowledge, ﬁeld implementation of ECON in an airport and ﬁeld implementation of carbon ﬁber-reinforced
ECON are unprecedented, such problems have so far not been addressed.
The objective of this research was to design and produce ECON for implementation of an ECON HPS test section at the Des Moines
International Airport (DSM) and test the adequacy of the mix design provided for this purpose. The fabricated section included two
adjacent slabs located in a general aviation apron area. Numerous diﬀerent ECON mixtures were made and tested in the laboratory to
seek a suitable ECON mix design. Finally, based on evaluation of the laboratory-prepared mixes, an ECON mix design was provided
for use in the ECON slabs. The properties of the ECON (both in the laboratory and in the ﬁeld), and the slab performances were
monitored and evaluated under winter conditions.
2. Materials and methodology
This research was motivated by the project supported by Federal Aviation Administration> (FAA) for implementation of an
ECON HPS test section in Des Moines International Airport (DSM). The selected location was a general aviation apron, where, two
pavement slabs were dedicated to testing ECON HPS. The results of previous studies by the authors [3,21,30,48] showed that
maintaining an acceptable balance between electrical conductivity and workability of an ECON mixture is a challenging task, par-
ticularly when the mixture is meant to be produced in large scale. Therefore, a total of 36 Electrically Conductive Concrete (ECON)
mix designs were designed, prepared in the laboratory, and evaluated with respect to workability, consistency, strength, electrical
resistivity, and conformance to FAA speciﬁcations. The standard speciﬁcations used for evaluating the materials were FAA AC 5370-
10G [47], FAA AC 5370-17 [49], and the relevant standards mentioned therein. The laboratory-prepared ECON mixes were used to
ﬁnd a combination of carbon ﬁber dosage, aggregate system, and cementitious system that provides required workability and
electrical conductivity to tailor the ECON mix design to the project requirements. The electrically conductive additive (ECA) used for
ECON preparation was carbon ﬁber. Selection of carbon ﬁber as an ECA and speciﬁc sizes and types of carbon ﬁber were based on the
ﬁndings of the existing literature (given in introduction) and the previous studies by the authors [3,21,30,48,50,51].
2.1. Materials
• Coarse aggregate (CA)- ASTM C 33 D-67, nominal maximum size 19mm.
• Intermediate aggregate (IA)- ASTM C 33 #8-gradation, nominal maximum size 9.5 mm.
• Fine aggregate (FA) conforming to ASTM C 33.
• ASTM C150 type I/II Portland cement (PC).
• ASTM C 618 class F ﬂy ash (FF).
• ASTM C989 Grade 120 slag cement (SC). Table 1 provides the chemical compositions of PC, FF, and SC used in this research.
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• ASTM C 494 high-range water reducing − type F- admixture (HRWR). MasterGlenium 7500 obtained from BASF.
• Methylcellulose powder as ﬁber-dispersive agent (FDA). Methylcellulose was used as explained in [30].
• WR Grace & Co. Derex Corrosion Inhibitor (DCI) admixture as conductivity-enhancing agent (CEA). The CEA was utilized ac-
cording to Sassani et al. [30].
• Air entraining agent (AEA), conforming to ASTM C 260. MasterAir VR-10 by BASF.
• Chopped carbon ﬁber (CF) was PAN-based with 7.2 μm diameter, 95% carbon content, and electrical resistivity of 1.55 10−3Ω-
cm. Two diﬀerent length size classes of the same type carbon ﬁber were used, PX35-0.125 and PX35-0.25, with nominal lengths of
3mm and 6mm, respectively. Speciﬁc gravity and water absorption capacity of the carbon ﬁbers were 1.81 and 7.35 (% wt.),
respectively. These carbon ﬁbers were selected based on the aforementioned suggestions made by existing literature and the
results of previous studies by the authors [3,21,30,48].
2.2. Laboratory-prepared ECON Mix Designs
The optimum dosage of the carbon ﬁber used in this research for ECON HPS was 0.75-1% (Vol.) [3,30]. The coarse-to-ﬁne
aggregate and aggregate-to-cementitious ratios, cementitious materials, aggregate gradation, water-to-cementitious ratio (W/C), and
ﬁber dispersive admixtures all inﬂuence the electrical conductivity of concrete and also signiﬁcantly aﬀect the fresh and hardened
properties of the carbon ﬁber-reinforced concrete mixture, so particular combinations of these factors provide ECON mixtures with
diﬀerent electrical conductivity, workability, and strength. Twelve mix design groups were established using diﬀerent combinations
of aggregate system, carbon ﬁber dosage, HRWR dosage, and W/C. Table 2 provides the gradations of the aggregate system for each
mix design group. A total of nine diﬀerent aggregate systems (combined FA, CA, and IA) were used in the 12 mix design groups; the
aggregate systems of mix design groups 2 and 3 were similar; as were those for groups 4, 5, and 12; the gradation curves of aggregate
systems are presented in Fig. 1.
Each mix design group was repeated three times, with three diﬀerent cementitious systems: (C) 100% PC; (F) 80% PC-20% FF
(wt.); and (S) 75% PC-25% SC (wt.), to make a total of 36 ECON mixtures. Table 3 gives the mixing proportions of all laboratory-
prepared ECON mixes with each mixture deﬁned by a number and a letter that respectively refer to mix design group and ce-
mentitious system. FDA dosage in all mixtures was 0.2% (wt. cementitious) and CEA was used in a ﬁxed amount in all mixtures. The
HRWR dosage (% wt. cementitious) varied by mix design group and the AEA dosage was 262ml per 100 kg of cementitious.
Table 1
Chemical compositions of cementitious materials.
Oxides PC FF SC
SiO2 20.10 52.10 37.60
Al2O3 4.44 16.00 9.53
Fe2O3 3.09 6.41 0.44
CaO 62.94 14.10 40.20
MgO 2.88 4.75 11.00
SO3 3.18 0.59 1.14
K2O 0.61 2.36 0.44
Na2O 0.10 1.72 0.45
Loss on ignition 2.55 0.09 0.01
Table 2
Combined aggregate gradations for each mix design group.
Sieve size (mm) Mix Design Group
1 2 3 4 5 6 7 8 9 10 11 12
Percent (wt.) passing
50.000 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 100.00 100.00 100.00 100.00
37.500 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 100.00 100.00 100.00 100.00
25.000 100.00 100.00 100.00 100.00 100.00 100.00 100.00 99.99 100.00 100.00 100.00 100.00
19.500 100.00 100.00 100.00 99.62 99.62 99.70 99.70 99.69 99.57 99.57 99.70 99.62
12.500 100.00 100.00 100.00 84.81 84.81 87.90 87.94 87.80 82.67 82.91 88.16 84.81
9.500 97.14 95.40 95.40 74.56 74.56 79.14 79.21 78.96 71.29 71.68 80.38 74.56
4.750 76.83 62.75 62.75 48.45 48.45 54.08 54.23 53.70 43.68 44.44 61.51 48.45
2.360 67.74 51.78 51.78 41.73 41.73 46.86 47.01 46.47 37.19 37.96 55.18 41.73
1.180 55.49 42.42 42.42 34.18 34.18 38.39 38.51 38.06 30.47 31.09 45.20 34.18
0.600 33.93 25.98 25.98 20.98 20.98 23.53 23.61 23.34 18.72 19.10 27.67 20.98
0.300 5.83 4.63 4.63 3.87 3.87 4.26 4.27 4.23 3.53 3.59 4.88 3.87
0.150 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
0.075 0.21 0.16 0.16 0.13 0.13 0.15 0.15 0.14 0.11 0.12 0.17 0.13
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In this research, the carbon ﬁber fraction of the ECON mixtures consisted of 70% 6mm-long (aspect ratio≈ 860) and 30% 3mm-
long (aspect ratio≈ 430) carbon ﬁbers. Replacing 30% of the total carbon ﬁber content with shorter ﬁbers helps in improving the
ECON workability, while electrical conductivity is not signiﬁcantly compromised.
2.2.1. Mixing procedure of ECON in laboratory:
The aforementioned mix designs were used for preparing samples in a 0.08m3 drum mixer using the following mixing procedure:
1) Carbon ﬁbers were dried in an oven for 24 hours at 115 °C.
2) Dried carbon ﬁbers were manually mixed with methyl cellulose powder.
3) The inside of the concrete mixer was sprayed with water and then drained.
4) CA, IA, and carbon ﬁbers were placed in the drum mixer and mixed for 1minute.
5) ½ of mix water with AEA were added to the mixture and mixed until it foamed.
6) FA was added to the mixture and mixed for 3minutes.
7) Cementitious materials were gradually fed into the mixer while it was running. When the entire cementitious had been added, the
mixer was stopped.
8) CEA was added to the mixer. The mixer was then started and mixing occurred for 1minute, after which the mixer was stopped.
9) The rest of the mix water with HRWR were added to the mixture, the mixer was turned on, and the whole mixture was mixed for
10minutes.
Three batches were prepared for each mix design. From each batch three 100×200mm cylinders, three 75× 75×300mm
beams, and three 100×100×100mm cubic specimens with embedded copper mesh electrodes, as described in [30], were prepared
for compressive strength, ﬂexural strength, and electrical resistivity measurements, respectively. The specimens were consolidated by
rodding and then vibration on a vibrating table according to ASTM C 192 standard practice. All specimens were cured in the moist
room at 23° C temperature during the entire study and tested under saturated-surface-dry conditions. Compressive and ﬂexural
strength tests, fresh concrete air content measurement, and slump test were performed in conformance with ASTM C39, ASTM C78,
ASTM C231, and ASTM C143 respectively. Electrical resistivity was measured at 1KHz AC using two-probe method and embedded
Fig. 1. Gradation curves of aggregate systems used in the mix design groups.
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copper mesh electrodes, as described in [30]. Electrical resistivity was measured at three ages (3, 28, and 90 days), while, com-
pressive strength, and ﬂexural strength were measured at 28 days.
A slump test is not a good indicator of the workability and consistency of a ﬁber-reinforced concrete, because a mixture can show
low slump while still possessing suﬃcient workability and consistency, or vice versa. However, in this research, slump measurement
was one of the requirements enforced by the project contractor. Since carbon ﬁbers introduce excessive surface area into the mixture,
a higher amount of paste is required to coat all ﬁbers and aggregates, so if the paste:aggregate:ﬁber ratio is not appropriate, there
would be insuﬃcient cementitious paste to coat all particles and the mixture would present poor consistency. For example, some
mixtures in this study crumbled during slump testing, therefore producing no measurable slump value, so two primary criteria were
set upon the mixes in terms of slump measurement: 1) suﬃcient consistency for measurable slump (i.e. the sample does not crumble
upon lifting the slump cone); 2) slump value ≥38mm.
2.3. Mixing and Pouring the ECON in Des Moines International Airport Test Section
Mix design 12C was selected as the ﬁnal design for ECON HPS implementation at the airport. The test slabs, located in the general
aviation apron area, consisted of a 10 cm-thick layer of regular concrete at the bottom and a 9cm-thick ECON layer on top. The
structural and system designs were as given in [50,51]. Fig. 2 shows a schematic of the two slabs and the sensor locations. The regular
concrete layer was placed one month prior to the placement of the ECON layer, and surface of the regular concrete was roughened by
broom during placement to enable a good bond between the bottom hardened concrete and the later-placed ECON layer. While two
adjacent slabs were made with ECON, in this study the data from only one slab (slab 1) was used for performance evaluation. Custom-
made Arduino temperature sensors were placed in both regular concrete and ECON layers to monitor temperature variations during
snow-melting tests.
For the two slabs, 5 m3 of ECON was produced by Iowa State Ready Mix (ISRM) in a drum mixer using a wet-batch process and
transported to the job site by a 10m3-capacity truck mixer. Carbon ﬁbers in the required amount were dried in an oven at 115° C for
Table 3
Mixing proportions of laboratory-prepared econ mix designs.
Mix ID Content (Kg/m3) W/C CF (% Vol.) HRWR (% wt. cem.)
CA IA FA PC FC SC Water CF FDA CEA
1C 0 419 1,046 529 0 0 208 17 1.1 25 0.39 0.96 2.00
1F 0 419 1,046 423 106 0 208 17 1.1 25 0.39 0.96 2.00
1S 0 419 1,046 397 0 132 208 17 1.1 25 0.39 0.96 2.00
2C 0 721 847 534 0 0 205 16 1.1 25 0.38 0.88 2.00
2F 0 721 847 427 107 0 205 16 1.1 25 0.38 0.88 2.00
2S 0 721 847 401 0 134 205 16 1.1 25 0.38 0.88 2.00
3C 0 721 847 534 0 0 205 18 1.1 25 0.38 1.00 2.00
3F 0 721 847 427 107 0 205 18 1.1 25 0.38 1.00 2.00
3S 0 721 847 400 0 133 205 18 1.1 25 0.38 1.00 2.00
4C 594 296 673 475 0 0 200 14 0.9 25 0.42 0.77 1.00
4F 594 296 673 380 95 0 200 14 0.9 25 0.42 0.77 1.00
4S 594 296 673 356 0 119 200 14 0.9 25 0.42 0.77 1.00
5C 594 296 673 475 0 0 200 18 1.0 25 0.42 0.98 1.00
5F 594 296 673 380 95 0 200 18 1.0 25 0.42 0.98 1.00
5S 594 296 673 356 0 119 200 18 1.0 25 0.42 0.98 1.00
6C 489 341 787 400 0 0 175 17 0.8 25 0.44 0.96 1.00
6F 489 341 787 320 80 0 175 17 0.8 25 0.44 0.96 1.00
6S 489 341 787 300 0 100 175 17 0.8 25 0.44 0.96 1.00
7C 489 341 792 530 0 0 228 14 1.1 25 0.43 0.75 1.00
7F 489 341 792 424 106 0 228 14 1.1 25 0.43 0.75 1.00
7S 489 341 792 398 0 133 228 14 1.1 25 0.43 0.75 1.00
8C 489 341 773 530 0 0 228 27 1.1 25 0.43 1.50 1.00
8F 489 341 773 424 106 0 228 27 1.1 25 0.43 1.50 1.00
8S 489 341 773 398 0 133 228 27 1.1 25 0.43 1.50 0.75
9C 708 303 623 416 0 0 170 14 0.8 25 0.41 0.75 0.75
9F 708 303 623 333 83 0 170 14 0.8 25 0.41 0.75 0.75
9S 708 303 623 312 0 104 170 14 0.8 25 0.41 0.75 0.75
10C 708 303 645 400 0 0 166 18 0.8 25 0.42 1.00 0.75
10F 708 303 645 320 80 0 166 18 0.8 25 0.42 1.00 0.75
10S 708 303 645 300 0 100 166 18 0.8 25 0.42 1.00 0.75
11C 486 208 947 399 0 0 163 17 0.8 25 0.41 0.96 1.00
11F 486 208 947 319 80 0 163 17 0.8 25 0.41 0.96 1.00
11S 486 208 947 299 0 100 163 17 0.8 25 0.41 0.96 1.00
12C 594 296 673 475 0 0 200 18 1.0 25 0.42 1.00 1.00
12F 594 296 673 380 95 0 200 18 1.0 25 0.42 1.00 1.00
12S 594 296 673 356 0 119 200 18 1.0 25 0.42 1.00 1.00
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24 hours and sealed in water-soluble 0.5 Kg bags. Methylcellulose powder was also poured into each bag in conformance with the mix
design (about 30 g for each bag). Fibers were packed in water-soluble bags to prevent material loss during transportation and
handling, and to expedite the process of feeding ﬁbers into the mixer. The ECON mixing and placing procedure followed in the
concrete plant and at the job site was as follows:
1) Five hours prior to concrete placement, the regular concrete layer and electrodes were cleaned by air pump and washed by water
to remove dust and debris, because presence of dust and dirt on the electrodes can weaken the electrode-concrete bond. Then
water was poured on the bottom layer to nearly saturate it and thereby prevent absorption of the fresh ECON’s water by the
bottom layer.
2) At the concrete plant, the drum mixer was washed clean and drained before batching the ECON.
3) Coarse and ﬁne aggregate and AEA with a portion of the mix water were fed into the drum mixer and mixed for 30 seconds; about
10% of the mix water was saved to be added on the job site. Because of the high cement content, a 20minute distance between the
concrete plant and the job site, along with relatively undesirable weather conditions (sunny with about 28° C temperature), there
were concerns that ﬂash setting and loss of workability could occur, so this practice was chosen to improve mixture workability at
the job site.
4) The mixer was then stopped and the carbon ﬁber bags, ECA, and HRWR were manually fed into the mixer.
5) Cement was fed into the mixer and the whole mixture was mixed for 3minutes and loaded into the truck mixer, with mixing
continued during transportation.
6) The remaining mix water was added on the job site and mixed for 1minute.
7) The concrete was poured in the slabs, spread manually, consolidated by a vibrating screed, and ﬁnished, as shown in Fig. 3.
8) When the ECON layer was suﬃciently consolidated and ﬁnished, curing agent was sprayed on the slab surface.
Fig. 2. System conﬁguration and sensor locations for each slab; a) plan view of slabs; b) the cross section of a slab with embedded sensors.
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2.4. Investigation of the properties and performance of ECON in Des Moines International Airport
As previously explained, a suﬃcient number of cube, cylinder, and beam samples were taken from the ECON mix at the job site,
and the slump and air content were also measured. Thirty 100×200mm cylinders, six 100×100×356mm beams, six
76×76×305mm beams, six 100-mm cubes with embedded copper mesh electrodes, and six 100×100×356mm beams with
embedded copper mesh electrodes were taken from the concrete in the ﬁeld. The ﬁeld sampling was performed in accordance with
ASTM C31/31M-15a standard and relevant standards were followed for each speciﬁc test. The specimens were used for measure-
ments of compressive strength, ﬂexural strength, and electrical resistivity, and microscopic investigations. The properties of the
ECON made in the concrete plant were compared with the properties of the equivalent ECON mixture (12C) prepared in the la-
boratory. ECON specimens of both ﬁeld concrete and laboratory-prepared mixture 12C that were continuously cured for one year
were used to prepare required test specimens for microscopic investigations. The air content of hardened ECON specimens were
determined based on the linear traverse method according to ASTM C 457 Standard; this was accomplished by using an optic
microscope with coupled image analysis system (RapidAir test set-up). Microstructure of the ECON samples were analyzed by
scanning electron microscope (SEM) on multiple specimens. Also, the carbon ﬁber content in the laboratory-prepared and ﬁeld ECON
samples were measured and compared. For this purpose, sections with nominal dimensions of 100× 100×10mm were cut from
beam specimens with precision saw, then, dried in the oven for 24 hours at 110 °C, weighed, measured for actual dimensions, broken
into smaller pieces (for ease of dissolving) and dissolved in Hydrochloric acid. Once each specimen was fully dissolved, the remaining
material was washed with deionized water and acetone on a 5-μm sieve, dried in oven for 24 hours at 110 °C and weighed. The carbon
ﬁber content as a weight and volume percentage was calculated for each specimen. This test was performed on 18 rectangular
specimens for each of laboratory-prepared and ﬁeld ECON samples. The rectangles were taken from three diﬀerent beams for each
concrete type.
The ECON slabs were not operated for 32 days. At the age of 32 days, the slab instrumented for data acquisition (Fig. 2) was
powered by a 210 V AC voltage to test the heat generation capability of the ECON. The temperature data and the total current ﬂowing
Fig. 3. Mixing and placement of ECON; (a) feeding ﬁbers and admixtures into the mixer at concrete plant; (b) ﬁber bags inside the mixer; (c) pouring and spreading the
concrete; (d) consolidation, (e) ﬁnishing; and (f) covering the fresh concrete with curing agent.
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through the slab were recorded. In addition, for evaluation of operation safety, the measurable electric current on the slab surface was
measured by installing current probes on the surface. The current probes were attached to the surface by conductive gel to ensure that
suﬃcient electrical contact is attained.
The ﬁrst snow event occurred when the slab was 43 days old, and it was followed by snow precipitations at 89,103,119, and 136-
day ages. The slab performance in snow events was evaluated at two operational modes: anti-icing, and deicing. At the 43-day age,
the system was turned on prior to the snow event and remained running until precipitation ended (anti-icing test). In deicing
operation tests, the system was turned on after precipitation ended to melt the snow accumulated on the surface. Performance was
evaluated in terms of average ambient temperature, wind speed, snow thickness, operation time, average power density, and energy
required to fully melt the snow and dry the surface. The heat generation on slab surfaces was also monitored by thermal imaging
system. The energy calculation methods, and speciﬁc heat capacity were derived from previous works by the authors [50,51].
3. RESULTS AND DISCUSSION
3.1. Properties of Laboratory-prepared ECON Mixtures
The test results of electrical resistivity at three ages (3,28, and 90 days), compressive strength, ﬂexural strength, and slump for the
laboratory-prepared ECON mixtures are provided in Table 4, where it can be seen that some mixtures had no measureable slump; this
refers to the mixtures that crumbled immediately after lifting the slump cone. This can be attributed to cementitious paste inadequacy
with respect to coating and binding all aggregates and ﬁbers together, and such mixtures lacked suﬃcient consistency. Also, since
they also did not possess ﬂowability and passing ability like that observed in self-consolidating concrete, such mix designs were ruled
out as candidate mix designs for ECON HPS. The air content of all samples fell within the required values (i.e. 5.5-6.5%). Since all
mixes satisﬁed compressive and ﬂexural strength requirements, electrical resistivity and workability were the decisive factors.
In all mix design groups except for groups 8 and 9, replacing a portion of PC with FF and SC increased electrical resistivity at all
Table 4
Properties of all laboratory-prepared econ mixtures.
electrical resistivity (-cm) Strength (MPa) slump
Mix ID 3-day age SD 28-day age SD 90-day age SD Compressive SD Flexural SD mm inch
1C 240 31.7 477 26.5 903 25.6 54.0 1.1 8.1 0.1 64 2.50
1F 280 35.1 546 29.3 941 33.7 49.0 2.2 7.0 0.1 38 1.50
1S 340 31.1 663 26.2 1,003 48.9 58.0 0.9 8.7 1.0 64 2.50
2C 310 52.7 670 43.8 1,204 45.7 64.0 0.5 7.9 0.8 N.A N.A
2F 330 27.3 700 23.1 1,300 50.7 62.0 0.9 9.9 1.9 N.A N.A
2S 425 25.7 780 21.8 1,560 60.0 64.0 1.6 10.4 0.5 N.A N.A
3C 220 16.2 446 13.8 833 22.1 51.0 1.1 7.5 0.8 N.A. N.A.
3F 315 5.6 500 5.1 860 34.5 51.0 0.2 8.0 0.7 N.A. N.A.
3S 410 30.5 520 25.5 900 46.2 54.0 0.2 7.1 1.7 N.A. N.A.
4C 54 12.5 122 10.4 160 13.7 55.0 2.0 8.7 0.1 38 1.50
4F 75 2.8 142 2.4 200 6.6 54.0 1.0 9.1 0.2 38 1.50
4S 140 3.1 206 2.8 406 6.8 59.0 1.7 7.8 0.5 N.A. N.A.
5C 37 12.6 78 10.4 113 8.8 44.0 2.6 8.3 0.8 38 1.50
5F 65 8.4 87 7.0 150 1.5 46.0 1.9 7.9 0.8 38 1.50
5S 100 4.1 126 3.4 196 3.0 50.0 0.3 7.5 0.4 N.A. N.A.
6C 98 5.4 133 4.5 177 3.1 58.0 1.9 8.7 1.2 13 0.50
6F 120 17.1 180 14.2 304 5.1 43.0 3.7 7.8 0.5 19 0.75
6S 224 3.1 310 2.9 417 15.3 50.0 0.6 10.5 0.7 N.A. N.A.
7C 70 8.6 103 7.2 134 11.8 65.0 3.8 7.5 1.3 13 0.50
7F 98 3.7 125 3.1 170 2.9 52.0 2.7 7.3 1.2 13 0.50
7S 170 16.6 230 13.8 250 8.6 37.0 0.2 6.1 0.1 N.A. N.A.
8C 65 5.6 98 4.7 115 8.5 28.0 0.5 7.4 0.3 N.A. N.A.
8F 65 3.0 100 2.5 130 1.6 29.0 0.7 6.5 0.4 N.A. N.A.
8S 112 5.7 218 4.9 300 5.7 31.0 1.8 8.5 0.9 N.A. N.A.
9C 70 9.3 165 7.7 210 2.8 52.0 0.7 9.3 0.4 25 1.00
9F 61 6.4 206 5.4 288 3.2 49.0 1.0 6.8 0.7 25 1.00
9S 110 3.4 287 3.1 360 7.3 52.0 0.5 7.3 0.7 13 0.50
10C 55 7.7 91 6.4 117 9.3 35.0 0.9 6.1 1.4 13 0.50
10F 75 13.7 115 11.4 160 2.1 36.0 0.1 7.6 0.1 13 0.50
10S 103 4.4 155 3.8 213 3.7 39.0 0.3 8.1 0.2 N.A. N.A.
11C 245 5.4 491 4.9 979 27.0 45.0 0.6 6.7 0.4 30 1.20
11F 325 18.6 670 15.9 1,120 47.6 40.0 1.2 7.6 0.7 38 1.50
11S 380 4.2 700 4.2 1,500 58.4 44.0 0.5 7.2 0.8 25 1.00
12C 36 5.4 78 4.5 115 6.8 39.0 0.6 7.6 0.3 38 1.50
12F 57 23.0 108 19.0 141 11.5 37.0 1.6 7.6 0.8 38 1.50
12S 98 10.1 150 8.4 318 7.7 41.0 0.6 7.2 0.4 33 1.30
Note: SD= Standard Deviation, N.A.=Not Available.
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ages. Mixtures 8C and 8F exhibited similar average electrical resistivity values at 3 days of age, but at later ages mixture 8F showed
higher resistivity than 8C. Mixture 9F showed lower electrical resistivity than 9C at three days of age, but this eﬀect was reversed at
later ages. On the other hand, FF and SC replacement did not help improve workability. In mix groups 6 and 11, PC replacement with
FF slightly increased the slump, while in the other cases it either reduced the slump or did not aﬀect it. PC replacement with SC
showed a negative eﬀect on slump and workability with the exception of mix group 1, where the same slump was obtained for
mixtures 1C and 1S. As seen in the table, mix 12C provided a desirable combination of electrical resistivity, strength, and slump
value, so it was selected for application in the ECON HPS test section.
3.2. Comparison of Laboratory-Prepared Samples with Field-taken Samples
Fig. 4 shows the electrical resistivity values (and standard deviations) of the same mix design measured both on laboratory-
prepared and ﬁeld-taken specimens. The average 28-day compressive and ﬂexural strengths of the ﬁeld samples, 37MPa and
7.7MPa, were comparable to the results obtained from laboratory-prepared samples. Air content measured for fresh ECON in the ﬁeld
was 5.5% and the slump measured on the job site was 76mm, two times greater than that of lab samples (38mm, Table 4). While the
laboratory-prepared samples showed slower growth in electrical resistivity with age, for both sample types, the electrical resistivity
growth rate was reduced at later ages and changed at a signiﬁcantly slower pace after 28 days.
As seen in the ﬁgure and table, there was a signiﬁcant diﬀerence between the two batches with respect to electrical resistivity and
slump, with the ﬁeld samples exhibiting signiﬁcantly higher electrical resistivity, almost eight times higher than the lab samples at
90-day age. This diﬀerence can be primarily attributed to a loss of carbon ﬁbers at the concrete plant during mixing. As seen in
Table 5, the actual ﬁber dosage was lower in the ﬁeld than it was designed to be. The big standard deviation values seen in Table 5 are
due to the nature of the specimens that were thin cuts of concrete which is essentially non-homogeneous in terms of aggregate
distribution and ﬁber dispersion. Because of the presence of an opening at the top of the mixer, a portion of mix carbon ﬁber was
carried out of the drum mixer by air ﬂow during mixing. Furthermore, the mixture was mixed in the truck mixer for a longer time
than planned, and longer mixing results in ﬁber degradation due to excessive wearing of ﬁbers by aggregates [33]. In the laboratory-
prepared samples, because of the higher carbon ﬁber content and presence of a better conductive network, the eﬀect of carbon ﬁbers
dominated the eﬀect of void structure and hydration age and resulted in slower growth in electrical resistivity with age [30].
The role of pore content and pore structure should also be taken into account when comparing the ﬁeld-taken and laboratory-
prepared ECON samples with respect to electrical conductivity. Table 6 shows the pore structure characteristics of the two type of
ECON samples. As seen in the table, the ﬁeld-taken samples showed higher air content, smaller air void spacing factor, and smaller
paste-to-void ratio. For both laboratory-prepared and ﬁeld-taken samples, the air contents measured using hardened specimens
(ASTMC 457) was higher than air content measured using fresh concrete (ASTMC 231). According to the literature, this type of
Fig. 4. Evolution of electrical resistivity in laboratory-prepared and ﬁeld samples.
Table 5
Actual ﬁber dosage in laboratory-prepared and ﬁeld ECON samples.
Specimen type Laboratory-prepared Field-taken
Actual carbon ﬁber dosage Weight % Volume % Weight % Volume %
Average 0.74 0.98 0.55 0.75
Standard deviation (SD) 0.27 0.42 0.25 0.34
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discrepancy between the two methods in not uncommon [52]; Ram et al. [53], by testing various pavement concrete samples in-situ
and in the laboratory, concluded that the pressure method tends to underestimate the air content. Regarding that the main medium
for electricity conduction in ECON is the ECA network, the electrical conductivity decreases with the increase of air void content [54].
Furthermore, the smaller spacing factor and greater void frequency in ﬁeld-taken ECON results in more frequent blocking of the
conduction path which dwarfs the conductive function of the carbon ﬁber-cement composite matrix. This is also in agreement with
the smaller paste-to-void ratio of the ﬁeld ECON.
SEM investigation of various zones in ECON samples showed that the ﬁbers, are primarily present within a carbon ﬁber-cement
matrix composite. As seen in Fig. 5, laboratory-prepared samples showed a better distribution of ﬁbers, higher ﬁber concentration,
and more frequent ﬁber-to-ﬁber contacts, while, in the ﬁeld-taken samples the ﬁbers were not as uniformly distributed and in many
spots (such as Fig. 5(b)) the ﬁber-matrix composite was segmented into ﬁber-abundant (right side of Fig. 5(b)) and ﬁber-less (left side
of Fig. 5(b)) zones. In all fractured surfaces studied for both ECON sample types, the ﬁber network was observed only within the
cementitious matrix and ﬁber tangling around the aggregates was not observed. Fig. 6 (a) shows an example of aggregate surface in
ﬁeld-taken samples, where, the surface of aggregate is free of tangled ﬁber network and only one isolated broken ﬁber is observed.
The short isolated pieces of carbon ﬁber (Fig. 6(b)) observed in the ﬁeld-taken samples on the aggregate surfaces or in the vicinity of
aggregates (Fig. 6(c)) are likely the result of excessive ﬁber wear by aggregates. The comparative study showed that the discrepancy
between the electrical resistivity of the laboratory-prepared and ﬁeld-taken ECON is caused primarily by lower carbon ﬁber content
and higher void fraction in the ECON which was prepared in large-scale.
3.3. Heating Performance of Slabs
Fig. 7(a) shows the temperature proﬁle in the ECON slab at three diﬀerent locations (Fig. 2(a)) and three diﬀerent depths
(Fig. 2(b)) during the ﬁrst performance test at 32 days of age. In the ﬁgure, each curves is designated with a code, where S1, S2, and
S3 show the sensor number, ECON and PCC show the concrete layer where sensor is placed, and 1 cm, 3 cm, and 14 cm are the depth
where sensor is located. Despite some ﬂuctuations in the temperature proﬁles due to sensor performance, the sequence of tem-
perature can be sorted from highest to lowest, based on the general trends of the temperature proﬁles, as follows: S2-
ECON–3 cm>S2-ECON–1 cm>S1-ECON–3 cm>S1-ECON–1 cm>S1-PCC–14 cm>S2-PCC–14 cm>S3-PCC–14 cm≥ S3-
ECON–3 cm>S3-ECON–1 cm.
The highest value of heat generation was achieved at the center of the slab, shown by the S2 sensor. At both S1 and S2 locations,
the lower portion of the ECON layer (3cm-deep) showed the highest temperature followed by the top portion of the ECON layer (1cm-
deep). The lowest temperatures were measured at the regular concrete (PCC) layer (14cm-deep). This trend is promising for ice and
snow melting purposes, since it shows an absence of considerable heat ﬂux from the ECON layer towards the underlying regular
concrete. However, the lowest temperatures throughout the slab were measured at a location represented by sensor S3 that was
adjacent to two regular concrete slabs. At the S3 spot, the temperature proﬁle of the underlying PCC layer and the lower portion of
the ECON layer were very similar, with the PCC being slightly higher. The top portion of the ECON at S3 spot (1cm-deep) gave the
Table 6
Results of pore structure evaluation of hardened laboratory-prepared and ﬁeld-taken ECON samples.
Specimen type Air content (%) void frequency (mm-1) Speciﬁc surface (mm-1) Spacing factor (mm) paste to void ratio
Average SD Average SD Average SD Average SD Average SD
Laboratory-prepared 6.004 1.649 1.433 0.302 96.021 11.844 0.053 0.004 6.273 2.210
Field-taken 7.189 0.514 1.678 0.179 95.278 5.242 0.049 0.004 4.968 0.285
Fig. 5. SEM image of carbon ﬁber-cement matrix composite in ECON: (a) laboratory-prepared, and (b) ﬁeld-taken ECON samples.
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Fig. 6. (a) aggregate surface in ﬁeld-taken ECON; (b) isolated carbon ﬁber broken piece; and (c) the vicinity of an aggregate, in ﬁeld-taken ECON.
Fig. 7. Temperature (a) and current (b) proﬁles during the ﬁrst testing of the ECON slab.
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lowest temperature readings that can be attributed to the heat ﬂux between the ECON and the adjacent regular concrete slabs at this
spot.
Fig. 7(b) presents the current variation during the HPS operating time. The ﬁgure clearly shows that electric current increases
over the time of HPS operation. Since the voltage is constant, this trend shows that the electrical resistivity of ECON is decreased by
increasing temperature. This eﬀect was more signiﬁcant during the ﬁrst 20minutes of power application. After 20minutes, the
current increase rate slowed while the rising trend of current with time (temperature) was maintained until the end of the experi-
ment. This is in agreement with the ﬁndings of previous studies, where electrical resistivity of a cementitious composite was found to
decrease with temperature [16]. In this test, the overall resistance of the slab dropped by 57% during 421minutes of operation.
Fig. 8(a) and (b), when compared with the temperature proﬁles in Fig. 7(a), show that the temperature on the slab surfaces is
considerably lower than the temperature inside the slabs. This happens because of the heat convection from the surface, and latent
heat of fusion (a.k.a. enthalpy of fusion) of ice and water as they absorb excessive thermal energy upon phase change from solid to
liquid and evaporation. However, as seen in Fig. 8(b) and (c), the ECON HPS slabs were able to eﬀectively keep the pavement surface
free of ice and snow in both anti-icing and deicing modes. Snow melting tests at diﬀerent ages showed that the ECON slab was
capable of increasing surface temperature to a level suﬃcient for snow removal at freezing temperatures. The results of the anti-icing
and deicing tests are given in Table 7. The power density at both operational modes conformed to the ASHRAE handbook limit of a
maximum of 1.3 kW/m2 [55]. While high current amount between 15 and 35 A was ﬂowing through the slabs, the electric current on
the surface of slabs while operating with 210 V AC was measured as 0.4mA. The threshold of electric current to be perceptible by
human body is 1mA [56], therefore the current amount on the surface of slabs, that is an order of magnitude lower than perception
threshold, does not cause safety concerns.
4. Conclusions
The design and production process of an airport electrically conductive concrete (ECON) heated pavement system (HPS)
Fig. 8. Thermal image of ECON HPS slabs in operation (a, and b), anti-icing operation mode of ECON HPS (c), and deicing on ECON HPS slabs (d).
Table 7
Snow melting performance of the slab at diﬀerent ages.











43a -4 13 30 334 7.0 2.37
89d -10 23 13 344 1.5 0.54
103d -10 21 38 312 3.5 1.08
119d -6 27 20 355 2.5 0.86
136d -6 21 33 334 2.0 0.65
Note: “a” denotes anti-icing experiment, “d” denotes deicing experiment.
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implementation has been reported in this study. To the best of authors’ knowledge, this was the ﬁrst implementation of ECON HPS in
a U.S. airport and probably the ﬁrst in the world. ECON design was based on laboratory experiments using diﬀerent ECON mix
designs. The ﬁnal product was compared with the laboratory samples and tested for its anti-icing and deicing performance. The key
points of the study are as follows:
• Adequacy of cementitious paste content should be ensured in a carbon ﬁber-reinforced ECON mix design to ensure suﬃcient
workability.
• Replacement of portland cement with ﬂy ash and slag cement results in higher electrical resistivity, while, not providing
workability advantages.
• A signiﬁcant diﬀerence was observed with respect to electrical resistivity and slump between the laboratory-prepared and ﬁeld
samples, with the ﬁeld samples showing electrical resistivity almost eight times higher than the lab samples at a 90-day age. This
can be attributed to the lower carbon ﬁber content and higher void content of the ECON which was prepared in large-scale.
• Lower carbon ﬁber content in the ﬁeld ECON was caused by loss of carbon ﬁbers during mixing and ﬁber degradation due to
excessive wear by aggregates.
• The highest temperature was achieved at the bottom of the ECON layer in the mid-span of the slab.
• The heat ﬂux between the ECON layer and underlying PCC layer was inconsiderable.
• The heat convection on the slabs surface is a crucial factor with respect to eﬀective temperature on slab surface.
• The lowest temperature was observed at the slab corners in contact with the adjacent regular concrete slabs.
• Electrical resistivity of the ECON layer was signiﬁcantly decreased by temperature.
• The test section was able to generate a power density of 300–350W/m2 and eﬀectively melt ice/snow with this amount of energy.
Conﬂict of Interest Statement
No conﬂict of interest
Acknowledgements
This paper was prepared from a study conducted at Iowa State University under the Federal Aviation Administration (FAA) Air
Transportation Center of Excellence Cooperative Agreement 12-C-GA-ISU for the Partnership to Enhance General Aviation Safety,
Accessibility and Sustainability (PEGASAS). The authors would like to thank the current project Technical Monitor, Mr. Benjamin J.
Mahaﬀay, and the former project Technical Monitors, Mr. Jeﬀrey S. Gagnon (interim), Mr. Donald Barbagallo, and Dr. Charles A.
Ishee, for their invaluable guidance on this study. The authors also thank Gary L. Mitchell at the American Concrete Pavement
Association, and Mr. Gordon Smith and Mr. Dan King in ICPA for valuable discussions and comments on concrete pavement con-
struction. The authors also would like to thank the PEGASAS Industry Advisory Board members for their valuable support. The
authors also would like to thank Mr. Bryan Belt, Mr. Mark Duﬀy, Mr.William Konkol at the Des Moines International Airport (DSM),
and Mr. Adam Wilhelm and Mr. Andrew Gettler, Foth infrastructure and environmental, LLC, Mr. Dan Hutton of Kingston Services,
LLC, for their full support during construction. Special thanks are expressed to Zoltek, the Candlemakers Store (TCS), and WR Grace &
Co for providing carbon ﬁber, methyl cellulose, and corrosion inhibitor admixture, respectively. The authors would like to express
their sincere gratitude to Mr. Robert F. Steﬀes, ISU CCEE PCC Lab Manager, for his signiﬁcant assistance with the lab and ﬁeld
investigations, and other ISU graduate and undergraduate student research assistants: Sajed Sadati, Bo Yang, Sharif Gushgar, Jordan
Schlak, Colin Heinrichs, and Collin Smith. Although the FAA has sponsored this project, it neither endorses nor rejects the ﬁndings of
this research. The presentation of this information is in the interest of invoking comments by the technical community with respect to
the results and conclusions of the research.
References
[1] A. Benedetto, A decision support system for the safety of airport runways: the case of heavy rainstorms, Transp. Res. Part A. 36 (2002) 665–682.
[2] A. Arabzadeh, H. Ceylan, S. Kim, K. Gopalakrishnan, A. Sassani, Fabrication of Polytetraﬂuoroethylene Coated Asphalt Concrete Biomimetic Surfaces: A
Nanomaterials Based Pavement Winter Maintenance Approach, ASCE Int Conf. Transp. Dev. ASCE, Houston, Texas, 2016.
[3] H. A. Sassani, S. Ceylan, K. Kim, A. Gopalakrishnan, P.C. Taylor Arabzadeh, Factorial Study on Electrically Conductive Concrete Mix Design for Heated Pavement
Systems, Transp. Res. Board 96th Annu. Meet. Washington, DC, 2017, pp. 17–05347.
[4] A. Arabzadeh, H. Ceylan, S. Kim, K. Gopalakrishnan, A. Sassani, S. Sundararajan, P.C. Taylor, Inﬂuence of Deicing Salts on the Water-Repellency of Portland
Cement Concrete Coated with Polytetraﬂuoroethylene and Polyetheretherketone, ASCE Int Conf. Highw. Pavements Airf. Technol. Philadelphia, Pennsylvania,
2017.
[5] A. Arabzadeh, H. Ceylan, S. Kim, K. Gopalakrishnan, A. Sassani, Superhydrophobic Coatings on Asphalt Concrete Surfaces, Transp. Res. Rec. J. Transp. Res.
Board (2551) (2016).
[6] Y. Lai, Y. Liu, D. Ma, Automatically melting snow on airport cement concrete pavement with carbon ﬁber grille, Cold Reg, Sci. Technol. 103 (2014) 57–62,
http://dx.doi.org/10.1016/j.coldregions.2014.03.008.
[7] T. Yang, Z.J. Yang, M. Singla, G. Song, Q. Li, Experimental Study on Carbon Fiber Tape – Based Deicing Technology, J. Cold Reg. Eng. (2012) 55–70, http://dx.
doi.org/10.1061/(ASCE)CR.1943-5495.0000038.
[8] H. Ceylan, K. Gopalakrishnan, S. Kim, W. Kim, Heated Transportation Infrastructure Systems: Existing and Emerging Technologies, Civil, Constr. Environ. Eng.
Conf. Present. Proceedings, 23., Iowa State University, 2014.
[9] S. Yehia, C.Y. Tuan, Thin Conductive Concrete Overlay for Bridge Deck Deicing and Anti-Icing, Transp. Res. Rec. J. Transp. Res. Board. 1698 (2000) 45–53.
[10] J. Zhang, D.K. Das, R. Peterson, Selection of Eﬀective and Eﬃcient Snow Removal and Ice Control Technologies for Cold- Region Bridges, J. Civil Environ. Archit.
Eng. 3 (2014) 1–14.
[11] A. Arabzadeh, H. Ceylan, S. Kim, K. Gopalakrishnan, A. Sassani, Superhydrophobic coatings on asphalt concrete surfaces: Toward smart solutions for winter
A. Sassani et al. Case Studies in Construction Materials 8 (2018) 277–291
290
pavement maintenance, (2016), http://dx.doi.org/10.3141/2551-02.
[12] A. Arabzadeh, H. Ceylan, S. Kim, K. Gopalakrishnan, A. Sassani, S. Sundararajan, P.C. Taylor, Superhydrophobic coatings on Portland cement concrete surfaces,
Constr. Build. Mater. 141 (2017) 393–401.
[13] H. Wang, L. Liu, Z. Chen, Experimental investigation of hydronic snow melting process on the inclined pavement, Cold Reg Sci. Technol. 63 (2010) 44–49,
http://dx.doi.org/10.1016/j.coldregions.2010.04.007.
[14] P. Pan, S. Wu, Y. Xiao, G. Liu, A review on hydronic asphalt pavement for energy harvesting and snow melting, Renew. Sustain. Energy Rev. 48 (2015) 624–634,
http://dx.doi.org/10.1016/j.rser.2015.04.029.
[15] C.Y. Tuan, S. Yehia, Airﬁeld Pavement Deicing With Conductive Concrete Overlay, Civ. Eng. Fac. Proc. Present., 2002: paper 2 (2018), http://digitalcommons.
unomaha.edu/civilengfacproc/2.
[16] M. C. Chang, G. Ho, Y.L. Song, H. Li Mo, Improvement of Electrical Conductivity in Carbon Fiber-Concrete Composites using Self Consolidating Technology,
Earth Sp. 2010 Eng. Sci. Constr. Oper. Challenging Environ. ASCE (2010) 3553–3558.
[17] M. Sun, W. Ying, L. Bin, X. Zhang, Deicing Cconcrete Pavement Containing Carbon Black/Carbon Fiber Conductive Lightweight concrete Composites, ICTIS 2011
Multimodal Approach to Sustain. Transp. Syst. Dev. Information, Technol. Implement (2011) 662–668.
[18] W. Chen, P. Gao, Performances of Electrically Conductive Concrete with Layered Stainless Steel Fibers, Sustain. Constr. Mater. 16 (2012) 163–171.
[19] J.P. Won, C.K. Kim, S.J. Lee, J.H. Lee, R.W. Kim, Thermal characteristics of a conductive cement-based composite for a snow-melting heated pavement system,
Compos. Struct. 118 (2014) 106–111, http://dx.doi.org/10.1016/j.compstruct.2014.07.021.
[20] P.J. Tumidajski, P. Xie, M. Arnott, J.J. Beaudoin, Overlay current in a conductive concrete snow melting system, Cem. Concr. Compos. 33 (2003) 1807–1809,
http://dx.doi.org/10.1016/S0008-8846(03)00198-4.
[21] K. Gopalakrishnan, H. Ceylan, S. Kim, S. Yang, H. Abdualla, Self-Heating Electrically Conductive Concrete for Pavement Deicing: A Revisit, Transp. Res. Board
94th Annu. Meet (2015) 15–4764.
[22] O. Galao, L. Bañ¨®n, F.J. Baeza, J. Carmona, P. Garcés, Highly Conductive Carbon Fiber Reinforced Concrete for Icing Prevention and Curing, Materials (Basel). 9
(2016) 281, http://dx.doi.org/10.3390/ma9040281.
[23] J. Gomis, O. Galao, V. Gomis, E. Zornoza, P. Garcés, Self-heating and deicing conductive cement, Experimental study and modeling, Constr. Build. Mater. 75
(2015) 442–449, http://dx.doi.org/10.1016/j.conbuildmat.2014.11.042.
[24] N. Banthia, S. Djeridane, M. Pigeon, Electrical resistivity of carbon and steel micro-ﬁber reinforced cements, Cem. Concr. Res. 22 (1992) 804–814, http://dx.doi.
org/10.1017/CBO9781107415324.004.
[25] D.D.L. Chung, Electrically conductive cement-based materials, Adv. Cem. Res. 4 (2004) 167–176.
[26] D.D. Chung, Dispersion of Short Fibers in Cement, J. Mater. Civ. Eng. 17 (2005) 379–383, http://dx.doi.org/10.1061/(ASCE)0899-1561(2005)17:4(379).
[27] J. Cao, D.D.L. Chung, Carbon ﬁber reinforced cement mortar improved by using acrylic dispersion as an admixture, Cem. Concr. Res. 31 (2001) 1633–1637,
http://dx.doi.org/10.1016/S0008-8846(01)00599-3.
[28] B. Chen, J. Liu, Eﬀect of ﬁbers on expansion of concrete with a large amount of high f-CaO ﬂy ash, Cem. Concr. Compos. 33 (2003) 1549–1552, http://dx.doi.
org/10.1016/S0008-8846(03)00098-X.
[29] A. Peyvandi, P. Soroushian, A.M. Balachandra, K. Sobolev, Enhancement of the durability characteristics of concrete nanocomposite pipes with modiﬁed
graphite nanoplatelets, Constr. Build. Mater. 47 (2013) 111–117, http://dx.doi.org/10.1016/j.conbuildmat.2013.05.002.
[30] A. Sassani, H. Ceylan, S. Kim, K. Gopalakrishnan, A. Arabzadeh, P.C. Taylor, Inﬂuence of mix design variables on engineering properties of carbon ﬁber-modiﬁed
electrically conductive concrete, Constr. Build. Mater. 152 (2017) 168–181, http://dx.doi.org/10.1016/j.conbuildmat.2017.06.172.
[31] N. Xie, X. Shi, D. Feng, B. Kuang, H. Li, Percolation backbone structure analysis in electrically conductive carbon ﬁber reinforced cement composites, Compos.
Part B Eng. 43 (2012) 3270–3275, http://dx.doi.org/10.1016/j.compositesb.2012.02.032.
[32] P.-W. Chen, D.D.L. Chung, Concrete as a new strain/stress sensor, Compos. Part B Eng. 27B (1996) 11–23.
[33] J. Wu, J. Liu, F. Yang, Three-phase composite conductive concrete for pavement deicing, Constr. Build. Mater. 75 (2015) 129–135, http://dx.doi.org/10.1016/j.
conbuildmat.2014.11.004.
[34] Z. Hou, Z. Li, J. Wang, Electrical conductivity of the carbon ﬁber conductive concrete, J. Wuhan Univ. Technol. Sci. Ed. 22 (2007) 346–349, http://dx.doi.org/
10.1007/s11595-005-2346-x.
[35] C. Chang, G. Song, D. Gao, Y.L. Mo, Temperature and mixing eﬀects on electrical resistivity of carbon ﬁber enhanced concrete, Smart Mater. Struct. 22 (2013)
35021, http://dx.doi.org/10.1088/0964-1726/22/3/035021.
[36] S. Wen, D.D.L. Chung, A Comparative Study of Steel- and Carbon-Fiber Cement as Piezoresistive Strain Sensors, Adv. Cem. Res. 15 (2003) 119–128.
[37] S. Wen, D.D.L. Chung, Cement as a Thermoelectric Material, J. Mater. Res. 15 (2000) 2844–2848.
[38] S. Wen, D.D.L. Chung, Carbon ﬁber-reinforced cement as a thermistor, Cem. Concr. Res. 29 (1999) 961–965, http://dx.doi.org/10.1016/S0008-8846(99)
00075-7.
[39] S. Wen, D.D.L. Chung, Double percolation in the electrical conduction in carbon ﬁber reinforced cement-based materials, Carbon N. Y. 45 (2007) 263–267,
http://dx.doi.org/10.1016/j.carbon.2006.09.031.
[40] R.N. Kraus, T.R. Naik, Testing and Evaluation of Concrete Using High- Carbon Fly Ash and Carbon Fibers, Milwaukee, Wisconsin, 2006.
[41] M. Hambach, H. Moller, T. Neumann, D. Volkmer, Carbon ﬁbre reinforced cement-based composites as smart ﬂoor heating materials, Compos. Part B Eng. 90
(2016) 465–470, http://dx.doi.org/10.1016/j.compositesb.2016.01.043.
[42] F. Javier Baeza, D.D.L. Chung, E. Zornoza, L.G. Andión, P. Garcés, Triple percolation in concrete reinforced with carbon ﬁber, ACI Mater. J. 107 (2010) 396–402.
[43] R. Maggenti, R. Carter, R. Meline, Development of Conductive Polyester Concrete for Bridge-Deck Cathodic Protection and Ice Control, Transp. Res. Rec. J.
Transp. Res. Board. (1996) 61–69.
[44] C.Y. Tuan, Roca Spur Bridge: The Implementation of an Innovative Deicing Technology, J. Cold Reg Eng. 22 (2008) 1–15, http://dx.doi.org/10.1061/(ASCE)
0887-381X(2008)22:1(1).
[45] E. Heymsﬁeld, A.B. Osweiler, R.P. Selvam, M. Kuss, Feasibility of Anti-Icing Airﬁeld Pavements Using Conductive Concrete and Renewable Solar Energy,
Fayetteville, Arkansas, 2013.
[46] V. Piskunov, O. Volod’ko, A. Porhunov, Composite Materials for Building Heated coverings for Roads and Runways of Airdromes, Mech. Compos. Mater. 44
(2008) 215–220.
[47] Standards for Specifying Construction of Airports, FAA Advisory circular No.150/5370-10G, (2014).
[48] Kasthurirangan Gopalakrishnan, H. Ceylan, S. Kim, S. Yang, H. Abdualla, Electrically Conductive Mortar Characterization for Self-Heating Airﬁeld Concrete
Pavement Mix Design, Int. J. Pavement Res. Technol. 8 (2015).
[49] AIRSIDE USE OF HEATED PAVEMENT SYSTEMS, FAA Advisory Circular No. 150/5370-17, Fedearl Aviat. Adm. (2011).
[50] H. Abdulla, H. Ceylan, S. Kim, K. Gopalakrishnan, P.C. Taylor, Y. Turkan, System requirements for electrically conductive concrete heated pavements: Transp,
Res. Rec. J. Transp. Res. Board. 2569 (2016) 70–79.
[51] H. Abdulla, H. Ceylan, S. Kim, M. Mina, K. Gopalakrishnan, A. Sassani, P.C. Taylor, K.S. Cetin, Conﬁguration of Electrodes for Electrically Conductive Concrete
Heated Pavement, ASCE Int Conf. Highw. Pavements Airf. Technol. (2018) n.d.
[52] T. Murotani, H. Koto, S. Igarashi, Monitoring of Early-Age Characteristics of Concrete using EMI based Embedded PZT Transducers on Varying Plate Thickness,
71 st RILEM Annu. Week ICACMS (2017) 383–392.
[53] P. Ram, T. Van Dam, L. Sutter, G. Anzalone, K. Smith, Field Study of Air Content Stability in the Slipform Paving Process, Transp. Res. Rec. J. Transp. Res. Board.
2408 (2014) 55–65, http://dx.doi.org/10.3141/2408-07.
[54] Y. Yang, Methods study on dispersion of ﬁbers in CFRC, Cem. Concr. Res. 32 (2002) 747–750, http://dx.doi.org/10.1016/S0008-8846(01)00759-1.
[55] SNOW MELTING AND FREEZE PROTECTION, in: ASHRAE Handb. Fundam., 15th ed., American Society of Heating, Refrigerating and Air-Conditioning
Engineers, Atlanta, GA, 2009. http://app.knovel.com/hotlink/toc/id:kpASHRAE37/2009-ashrae-handbook.
[56] R.M. Fish, L. a Geddes, Conduction of electrical current to and through the human body: a review, Eplasty. 9 (2009) e44.
A. Sassani et al. Case Studies in Construction Materials 8 (2018) 277–291
291
